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Vanden Eynden F, El-Oumeiri B, Bové T, Van Nooten G,
Segers P. Proximal pressure reducing effect of wave reflection in the
pulmonary circulation disappear in obstructive disease: insight from a
rabbit model. Am J Physiol Heart Circ Physiol 316: H992–H1004,
2019. First published February 15, 2019; doi:10.1152/ajpheart.
00635.2018.—Locating the site of increased resistance within the
vascular tree in pulmonary arterial hypertension could assist in both
patient diagnosis and tailoring treatment. Wave intensity analysis
(WIA) is a wave analysis method that may be capable of localizing the
major site of reflection within a vascular system. We investigated the
contribution of WIA to the analysis of the pulmonary circulation in a
rabbit model with animals subjected to variable occlusive pulmonary
disease. Animals were embolized with different sized microspheres
for 6 wk (n  10) or underwent pulmonary artery (PA) ligation for 6
wk (n  3). These animals were compared with a control group (n 
6) and acutely embolized animals (n  4). WIA was performed and
compared with impedance-based methods to analyze wave reflections.
The control group showed a relatively high extent of reflected waves
(15.7  10.6%); reflections had a net effect of pressure reduction
during systole, suggesting an open-end reflector. The pattern of wave
reflection was not different in the group with partial PA ligation
(12.4  4.1%). In the chronically embolized group, wave reflection
was not observed (3.6  1.5%). In the acute embolization group,
wave reflection was more prominent (37.3  12.6%), with the ap-
pearance of a novel wave increasing pressure, suggesting the appear-
ance of a closed-end reflector. Wave reflections of an open-end type
are present in the normal rabbit pulmonary circulation. However, the
pattern and nature of reflections vary according to the extent of
pulmonary vascular occlusion.
NEW & NOTEWORTHY The study proposes an original frame-
work of a complementary analysis of wave reflections in the time
domain and in the frequency domain. The methodology was used in
the pulmonary circulation with different forms of chronic obstruc-
tions. The results suggest that the pulmonary vascular tree generates
a reflection pattern that could actually assist the heart during ejection,
and chronic obstruction significantly modifies the pattern.
occlusive disease; pulmonary circulation; waves
INTRODUCTION
Pulmonary hypertension (PH) can have multiple etiologies,
including chronic thromboembolic pulmonary hypertension
(CTEPH) because of nonresolving pulmonary emboli (17).
Surgery is a potentially curative treatment for CTEPH, its
efficacy being determined by the possibility of removing the
fibrous tissue that obstructs the pulmonary arteries (19). These
endoluminal proliferations may be located in the first proximal
bifurcations of the pulmonary vascular tree or in more distal
positions, with a decreased rate of successful surgical endar-
terectomy with more distally located obstructions (35). Preop-
erative partitioning of the vascular resistance based on radio-
logical investigation is the recommended method for identify-
ing the location of the emboli, although quantitative data on the
efficacy of this method are lacking. An alternative approach
based on careful hemodynamic investigations may help in
locating the site of maximal resistance. Because blood flow and
pressure propagate through vessels as waves that are partially
transmitted and partially reflected throughout the tree at sites of
impedance mismatch (28), analyzing wave reflections may
assist in localizing emboli in CTEPH. Specifically, proximal
obstructions are expected to lead to an earlier return of re-
flected waves.
The normal pulmonary circulation is often depicted without
reflections of significant magnitude (30). Nevertheless, some
wave reflections have been described. Hardziyenka et al. (10)
identified a distinct mid-systolic deceleration of the pulmonary
flow wave which was related to in-hospital mortality after
surgery for CTEPH. However, the suggested index quantifying
this deceleration has been found to lack specificity (18). A
supposed reflected pulmonary pressure wave was used by
Castelain et al. (2) and Nakayama et al. (26) to define an
inflection point during systole. These authors defined the aug-
mentation index (AI) as the ratio of the inflection pressure
minus the pulmonary systolic pressure to the pulse pressure,
and this ratio was related to the PAH etiology and CTEPH
operability (25).
The variability of observations with respect to wave reflec-
tion might be due to differences between the pulmonary system
and its systemic counterpart. Reflected waves in the aorta are
generally of the closed-end type (Fig. 1), whereas the forward-
going compression waves responsible for accelerating the
blood out of the ventricle (cardiac contraction) are reflected as
compression waves that oppose the flow of blood from the
ventricle (24). Hollander et al. (11) showed that the pulmonary
circulation may behave as an open-end reflector, wherein
reflecting waves actually decrease pressure and increase flow
(the reflected waves are expansion or decompression waves),
unloading the right ventricle (RV). To examine these negative
reflected waves, the authors used wave intensity analysis
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(WIA), a method based on the characteristic solution of the
one-dimensional equations for conservation of mass and mo-
mentum in an elastic tube (27). This technique has some
advantages over prevailing impedance (frequency based) meth-
ods (9, 37), which include ease of interpretation of the timing
and nature of simultaneously existing forward and backward
waves. However, this method is also sensitive to technical
factors. WIA is based on the simultaneous recording of pres-
sure and velocity signals, and small relative delays in velocity
and pressure signal transmission may substantially exaggerate
the backward-traveling wave intensity or even introduce arti-
ficial waves. Time lags between pressure and velocity signals
occur because of hardware-related processing times or from
difficulties in identifying the exact relative location of the
pressure and flow sensors. In addition, wave intensity is cal-
culated as the product of the derivatives of pressure and flow
Fig. 1. A: pump injects a liquid in an elastic
tubing, increasing pressure proximally. The
pressure wave is transmitted away from the
pump. Such a wave is defined as a forward
wave. The effect of the wave to increase the
pressure is by definition a compression
wave. At the end of the tube, the wave
encounters a closed reflector. The physics of
wave propagations and reflection impose the
forward wave to be reflected and since the
reflector is closed, to be reflected as a com-
pression wave. The wave traveling back
from periphery to the pump is now a back-
ward wave, and since it increases pressure, it
is a backward compression wave (BCW). At
the measurement location, the net effect of
the backward wave is to increase the pres-
sure above the expected progression of the
pressure. B: the same setting as in A is
presented in the case of an open reflector
(liquid is allowed to quit the system). The
forward compression wave is reflected as a
backward expansion wave (BEW), which
decreases the pressure. When the BEW
reaches the measurement location, its net
effect is to decrease the pressure below the
expected pressure building. C: the pump is
stopped, but because of inertia there is en-
ergy left in the liquid column. The remaining
energy drives the liquid forward, decreasing
the proximal pressure, generating an expan-
sion wave that travels away from the proxi-
mal end of the tube. It is a forward expansion
wave (FEW). When the wave reaches the
closed-end reflector, it is reflected as an ex-
pansion wave. The net effect of the BEW on
the pressure measurement is to decrease the
pressure below the expected values. D: FEW
is reflected by the open-end reflector as a
compression wave. The BCW will induce an
increase in the measured pressure, although a
constant decrease is expected.
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velocity, rendering the method very sensitive to noise and filter
settings. These technical difficulties have led to conflicting
results. Whereas Hollander et al. described that 10% of the
incident early forward compression wave (FCW) energy is
reflected toward the RV via wave reflection, Dwyer et al. (8)
reported only that only 3% of the incident early FCW was ref-
lected. Dwyer also reported that the distal pulmonary micro-
circulation behaves as a closed-end reflector, leading to the
generation of a backward positive wave and thereby opposing
flow from the RV. Overall, because of conceptual and technical
inconveniences, WIA has had a poor track record in the clinical
setting.
We nonetheless believe that WIA may help delineate im-
portant physiological markers of early pulmonary vascular
disease and may help illuminate the interaction between the
right ventricular pump and its afterload. To assess the value of
WIA in occlusive PAH, an experimental protocol was designed
in rabbits with predefined chronic pulmonary obstruction lo-
cations. These animals were compared both with control ani-
mals and acutely embolized animals.
MATERIALS AND METHODS
The study protocol was performed according to the standards of
Guide for the Care and Use of Laboratory Animals, published by the
National Institutes of Health (Publication 85-23, Revised 1996) and
approved by the Committee for Ethical Animal Research of the Ghent
University Hospital (ECD 13/30).
Experimental Preparation
Adult female rabbits (4.205  0.603 kg) were obtained from the
animal facility (UZ Ghent, Belgium). The animals were free from any
common pathogens, in accordance with the Federation of European
Laboratory Animal Science Association Health Monitoring Recom-
mendations. The rabbits were individually housed in cages (surface:
0.52 m2) under controlled conditions at room temperature (18°C–
21°C), a 12-h/12-h light-dark cycle, free access to water, standard
rabbit chow once per day, and dry grass once per week.
In total, 23 animals were included in the study: 1) 6 animals were
included in the control group, 2) 3 animals underwent ligation of the
left pulmonary artery (PA) and were housed for 6 wk before hemo-
dynamic assessment, 3) 10 animals were embolized with micro-
spheres of variable size once per week during 6 consecutive weeks,
and 4) 4 animals were acutely embolized with microspheres.
Embolization procedure (n  10 animals in chronic experiment;
n 3 in acute experiment). Sedation was induced by an intramuscular
injection of ketamine (25 mg/kg; Ketalar, Pfizer, Brussels, Belgium)
with xylazine (5 mg/kg; Codifar, Wommelgem, Belgium) and bu-
prenorphine (0.02 mg/kg; Temgesic, Reckitt Bensicker, Slough, UK).
Spontaneous respiration was maintained in the presence of oxygen
(100% medical oxygen; Stroombeek, Meise, Belgium). During the
surgical procedure, the rabbit’s body temperature was maintained
using a heating pad. Heart rate and arterial blood oxygen saturation
were continuously monitored using a pulse oximeter (GE Cares-
capeV100, Uno, Zavenaar, The Netherlands) through a clip placed on
the central tail artery. A sterile field was maintained around the animal
using sterile foil (Steri-Drape, 3M, Diegem, Belgium).
A 17G-Terumo catheter was placed into the RV through the right
jugular vein to record right ventricular pressure. After administration
of a 3-ml bolus of saline, microspheres of 300–500, 500–700, or
700–1,200 m were injected in three, three, and four rabbits, respec-
tively, such that the right ventricular systolic pressure (equal to the PA
pressure) doubled. The catheter was then retracted into the right
atrium to prevent RV perforation and tunneled subcutaneously to the
back of the neck as a central venous access line. Catheter patency was
secured by rinsing with 0.2 ml heparin and verified daily. Micro-
spheres of the same size were injected weekly for 6 wk, without
anesthesia.
The four rabbits in the acute embolization group had a 17-gauge
(G) Terumo catheter placed through the right jugular vein into the
right atrium, and 300–500-m microspheres were injected with the
aim of at least doubling the mean pulmonary pressure.
PA ligation (n  3). Preoperative analgesia was induced by an
intramuscular injection of 25 mg/kg ketamine. A 22-G catheter was
inserted into the ear marginal vein, and if possible, an 18-G catheter
was inserted into the central ear artery (in case of failure, the systemic
pressure was recorded through a catheter inserted in the aorta after the
sternotomy was performed). During the surgical procedure, the rab-
bit’s body temperature was maintained using a heating pad. Heart rate
and arterial blood oxygen saturation of the animal were continuously
monitored using a pulse oximeter (GE Datex Ohmeda, Zavenaar, The
Netherlands) through a clip placed on the central tail artery. Ventila-
tion was maintained in the presence of oxygen with the use of a mask,
and 2% isoflurane was added to ensure anesthesia.
The rabbit was intubated with videoscopic assistance (Storz, Ger-
many).
Ventilation was performed in pressure control mode (Siemens
Servo Ventilator 900C, Germany) with an inspiration pressure of
12–14 mmHg over an end-expiratory pressure of 2–4 mmHg. The
ventilation rate was set at ~25 to 30 breaths/min, and the settings were
adjusted based on capnography measurements (Vamos, Draeger Med-
ical, UK), which were maintained between 35 and 40 mmHg.
The rabbit was positioned on its right side, and a sterile field was
maintained around the animal using sterile foil (Steri-Drape, 3M,
Diegem, Belgium). A left thoracotomy was performed at the level of
the inferior scapula. The lung was retracted using sterile gauze. The
left PA was dissected and clipped to achieve complete left PA
occlusion. The muscle and the skin were approximated with a 4.0
suture. Postoperative care was the same as for the embolized group.
Hemodynamic measurements. The same measurements were per-
formed in all animals. Animal preparation was the same as for the
thoracotomy. Complementary anesthesia before incision was per-
formed via an intravenous bolus of 4 mg/kg propofol (Diprivan 2%,
AstraZeneca, Brussels, Belgium).
Following a tracheotomy, ventilation was maintained via a 2.5- or
3-mm tracheal tube. The rabbit was ventilated with an FIO2 of 40%
with 2% isoflurane. The animal was left undisturbed for 10 min to
allow for equilibration.
Complementary analgesia with an intravenous bolus of 3 g/kg
fentanyl (fentanyl, Janssen Pharmaceutica, Beersel, Belgium) was
provided, along with an intravenous bolus of 0.5 mg/kg of rocuronium
(Esmeron, MSD, Belgium).
A median sternotomy was performed, and the pericardium was
opened and suspended. If the systemic pressure could not be recorded
through the central artery of the ear, a 4-Fr catheter (Vygon, France)
was secured through a 6/0 Prolene purse string suture to the aorta. A
4-mm flow probe (4PS, Transonic system, The Netherlands) was
placed around the main PA for continuous flow recording. A high-
fidelity catheter SPR-524 (Millar Instruments, Houston, TX) was
inserted in the PA at the level of the flow probe by puncturing the right
ventricular outflow tract, and an SPR 877 PV conductance catheter-
(Millar Instruments) was positioned in the apex of the RV.
Data were recorded at baseline and after a continuous infusion of
dobutamine at 7 or 10 g/min.
Data Acquisition and Processing
PA pressure (PPA), PA flow (QPA), and right ventricular pressure
were recorded and digitized at 1,000 Hz with a data acquisition system
(PowerLab 16/9, Ad Instrument, Dunedin, New Zealand) and soft-
ware (LabChart 7, AdInstrument). Data analysis was performed using
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embedded or custom functions in a MATLAB environment (MATLAB,
MathWorks, Natick, MA).
QPA and PPA data were first filtered using a sixth-order Savitzky-
Golay filter and a 15-sample frame width (MATLAB, MathWorks).
These settings were chosen to balance the filtering of noise with
avoiding filter-induced time delays in the signals.
For each animal, pulmonary pressure and flow were decomposed
into a series of sinusoidal harmonics using a discrete Fourier analysis
(MATLAB, MathWorks), transforming the signals from the time
domain into the frequency domain. The pressure and flow waves are
thus considered simultaneously present sinusoidal waves (harmonics)
with frequencies that are natural multiples of the heart frequency. For
a given frequency, Zin is then calculated as the ratio of the pressure
and flow harmonics at that frequency. Pulmonary characteristic im-
pedance, Z0, was estimated in the frequency domain (Z0-FD) as the
average of the moduli of the fifth to tenth harmonic.
The pressure and flow signal were synchronized such that the slope
of the QPA-PPA relation in the early systolic upstroke (in which this
relation is linear) was as close as possible to Z0-FD. The slope of the
QPA-PPA was recorded as the time domain characteristic impedance
(Z0-TD). As this procedure leads to an artificial matching of Z0-TD and
Z0-FD, we also calculated the ratio of the maximum dPPA/dt to the
maximum dQPA/dt, which we defined as Z0-Max (6).
Fig. 2. A: different events on the pressure curve. Pi indicates the inflection
point in early systole, Psyst indicates the maximum pressure, and Pdiast indicates
the pressure at the end of diastole. Asterisk indicates beginning of diastole, b
indicates the first minimum of diastole, and c and d indicate successive peaks
in the diastole. The augmentation index is defined as (Psyst  Pi)/(Psyst 
Pdiast). B: different waves. Waves with positive intensity are forward waves,
which can induce a pressure increase c or decrease e. Waves with negative
intensity are backward waves (c and e). The wave intensity reflection ratio is
defined as B/F. C: forward (Pf) and backward (Pb) pressure waves after linear
wave separation method. The reflection magnitude is defined as B/F and the
pressure reflection ratio as b/f. Ta
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Total pulmonary arterial compliance was measured according to
the pulse pressure method (33).
For comparison with existing literature, we calculated the AI as
the systolic pressure minus the inflection pressure over the pulse
pressure (Fig. 2A) as a crude index of wave reflection. However,
we also performed wave separation analysis and determined the
forward (Pf) and backward (Pb) running components of pressure
using the linear wave separation method (9). The reflection mag-
nitude was calculated as the ratio of the amplitude of Pb and Pf and
defined as the reflection magnitude (Fig. 2C). Because this index
does not allow for distinct open- and closed-end reflections, we
also calculated the ratio of the minimum value of Pb to the
maximum value of Pf, which is referred to as the pressure reflection
ratio (Fig. 2C).
Ultimately, the reflection coefficient () in the frequency domain
was calculated for every harmonic as follows (37):   (Zin 
ZC)/(Zin  ZC).
The reflection coefficient is a complex quantity; its real part is
reported. Since we are interested in the ventricular load, we report and
compare the value of  for the first harmonic, which is the one
containing the higher energy. A positive value indicates a wave
reflection of closed type; a negative value indicates a wave reflection
of the open type.
WIA was used to evaluate the direction, intensity, and type of
waves. The direction of the wave was defined in terms of the
direction of PA blood flow; waves that emanated from the RV were
defined as forward waves, and waves from the pulmonary vascu-
lature were defined as backward waves. The intensities of the
forward (dIW) and backward (dIW-) waves were calculated as
follows:
dI  
1
4cdP cdU
2
,
where 	 is the density of blood (assumed to be 1,060 kg/m3), and c is
the wave speed at the point of measurement.
c was calculated from the water hammer equation, in which
c  ZA/	, with Z being the characteristic impedance in the frequency
domain and A representing the cross-sectional area of the pulmonary
artery at the level of measurement, chosen as the area of the flow
probe (1.53 cm2).
By convention, a wave arising from the ventricle (dIW) and
increasing pressure will be an FCW, and a wave arising from the
ventricle (dIW) and decreasing pressure will be a forward expansion
wave (FEW). A wave arising from the pulmonary arteries (dIW-) and
increasing pressure is a backward compression wave (BCW), and a
wave arising from the pulmonary arteries (dIW-) and decreasing
pressure is a backward expansion wave (BEW).
Wave intensity, timing at maximum, and the pressure and timing of
the different events were calculated. The distance to the site of
reflection was estimated as one-half of the time from the peak of the
forward-going wave to the peak of the backward-going wave, multi-
plied by the wave speed.
We calculated the ratio of the minimum intensity of the backward
wave to the maximum intensity of the forward wave (Fig. 2B), the wave
intensity reflection ratio as a final measure of wave reflection.
Statistics
Mean values among different animals were compared with a
two-tailed ANOVA. When the ANOVA reached significance (P 
Fig. 3. Wave reflection patterns in the control group at baseline (A) and with dobutamine infusion (B) (10 g/min). BCW, backward compression wave; BEW,
backward expansion wave; FCW, forward compression wave; FEW, forward expansion wave; Pb, backward pressure wave; Pf, forward pressure wave.
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0.05), post hoc analysis was performed using Bonferroni correction to
assess the significance of the measured difference. Linear regression
and Pearson correlation analyses were used to quantify linear rela-
tionships between parameters. The test results were considered sig-
nificant for P  0.05. All analyses were done using Origin (Origin-
Lab, Northampton, MA).
RESULTS
Hemodynamics and wave reflection in the control group.
Basic hemodynamic data in the control group (n  6) are
presented in Table 1. The wave reflection pattern is presented
in Fig. 3A for one representative animal, and the mean wave
intensity values for the 6 animals are presented as means
(SD) in the boxes. During systole, an FCW (0.064  0.037
W/m2) was followed by a BEW (0.010  0.007 W/m2). At the
end of systole, an FEW (0.045  0.027 W/m2) was followed
by a BCW (0.018  0.013 W/m2). A late BCW was observed
during diastole in all animals in the control group (Fig. 3, A and
B). This wave had an intensity that was lower than the first
BCW (0.011  0.009 W/m2). The reflection coefficients and
the AI are presented in Table 2 and Fig. 7.
Wave intensity increased with dobutamine, but overall pat-
terns were unaltered. The pattern with 10 g of dobutamine in
1 animal and the mean values for 6 animals are presented in
Fig. 3B. Moreover, the reflection indices were not significantly
different (Table 2) with dobutamine treatment. In two of the six
control animals, the late BCW was not identifiable with do-
butamine treatment.
The location of the site of reflection did not differ with or
without dobutamine (Table 2). Although the time delays be-
tween the wave intensity peaks in the control groups signifi-
cantly decreased from baseline (21.0  4.7 ms) to dobutam-
ine infusion at 7 g/min and 10 g/min (13.3  0.8 and
14.8  7.4 ms, respectively, P  0.022), the calculated dis-
tance of the location remained constant because of the ob-
served increase in wave velocity (from 1.65  0.22 at baseline
to 2.53  0.38 m/s, and 3.03  0.73 m/s with 7 and 10 g/min
dobutamine, respectively).
Hemodynamics and wave reflection in the chronically li-
gated group. Rabbits with left pulmonary artery ligation for 6
wk (n  3) had significantly higher pulmonary vascular resis-
tance and higher characteristic impedance with dobutamine
infusion than the control group (Table 1). We also observed a
significantly higher heart rate and a lower stroke volume,
resulting in a mean cardiac output that was comparable to the
control group.
In three animals in the chronically ligated group, the wave
pattern was not significantly different from the control group in
terms of intensity, reflection profile, or response to dobutamine
(Fig. 4, Table 2).
Wave reflection in the acutely embolized group. Four rabbits
were acutely embolized via the injection of microspheres
(diameter 300–500-m microsphere), causing the pulmonary
vascular resistance and the mean pulmonary arterial pressure to
increase (Table 1).
Figure 5 shows the wave pattern we typically found for
these animals. We identified a late systolic BCW in all of
these animals that was not present in the control group or the
chronically ligated group. No significant differences were
found for the reflection coefficient, reflection magnitude, or
pressure reflection ratio compared with the control group; Ta
bl
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however, a significant difference was observed in the wave
intensity reflection ratio. The distance to the reflection site
of the first backward wave was not different in the emboli-
zed group compared with that in the control group. With
respect to the BCW, the backward pressure crossed the
zero-pressure line earlier in systole in the acutely embolized
group than in the control group (Fig. 5). In addition, the AI
was significantly higher in the embolized group than in the
control group.
Wave reflection in the chronically embolized group. The
resistance in the chronically embolized group was not signifi-
cantly higher, despite the increased mean and systolic PA pres-
sures. These results are presented in Table 1. A representative
example of the pattern of wave reflection in the chronically
embolized group is presented in Fig. 6, and the mean values for
the different waves are given in Table 3.
Compared with control and ligated animals, the different
wave reflection indices in chronically embolized rabbits sug-
gested a reduction in wave reflections in the chronically em-
bolized group. This is illustrated in Fig. 7D, in which the first
harmonic of the reflection coefficient () was significantly
lower than in the control group. Late diastolic BCWs were
identifiable in 2 of the 10 animals in the chronically embolized
group. These waves were observed both at baseline and during
the infusion of 7 g/min dobutamine. No late diastolic BCW
was observed during the infusion of 10 g/min dobutamine.
The reflection site was found more proximal in the chronically
embolized group (14.91  8.29 mm). The AI was significantly
higher in the chronically embolized group than in the control
and ligated groups. A late BCW during systole was observed in
one animal in the group that was embolized with the smallest
microspheres (0.027  0.003 W/m2).
The hemodynamic and wave reflection data divided accord-
ing to the embolus sizes are presented in Table 3.
In the group receiving the smallest microspheres, the re-
flected wave intensity was low and did not increase with
inotropic support. In the groups receiving mid- and large-sized
microspheres, the reflected wave intensity at baseline was
comparable to that for the smallest microspheres. With inotro-
pic stimulation, there was a trend toward an increased reflec-
tion magnitude and wave intensity reflection ratio (P 0.084).
For the pressure reflection ratio, this difference was significant
comparing the largest and smallest microspheres (P  0.021)
because of a significant increase in systolic BEW (P  0.041),
although post hoc analysis could not discriminate between
groups. There was a trend toward increased reflection between
the animals receiving the mid- and large-sized microspheres;
this difference did not reach significance.
Wave interrelationship. The mean reflection time (peak to
peak) in systole was 15.35  6.89 ms, whereas the reflection
Fig. 4. Wave reflection patterns in the chronically ligated group at baseline (A) and with dobutamine infusion (B) (10 g/min). BCW, backward compression
wave; BEW, backward expansion wave; FCW, forward compression wave; FEW, forward expansion wave; Pb, backward pressure wave; Pf, forward pressure
wave.
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time was 22.42  9.2 ms in diastole. A linear correlation
between the two intervals was found, with a slope of 1.107 and
a Pearson correlation coefficient of 0.554 (P  0.01). The site
of reflection based on the time interval and Z0 was always more
distal in diastole, except for the ligated group receiving 10
g/min of dobutamine (Table 2). The ratio of the intensity of
BEW to that of the FCW in systole and the ratio of the BCW
to the FEW in diastole were also correlated (correlation coef-
ficient  0.6464, P  0.01).
No relationship was observed between the FCW and the
FEW, although the FEW always had a lower amplitude than
the FCW.
No correlation was observed between the AI and the heart
rhythm.
DISCUSSION
Wave Reflection
Control group. The rabbits in the control group showed a
wave reflection pattern that was remarkably similar to that
described by Hollander et al. (11) in dogs. The FCW, which
arises from the ventricular contraction and is a function of the
inotropic state of the heart, is followed invariably by a BEW.
A BEW, by definition, reduces pressure and increases flow,
which should assist in unloading the right heart and minimizing
energy expenditure. This wave is characteristic of reflections in
open-end systems, and the possibility of such an expansion
wave was proposed by McDonald. If such a wave is indeed
present, it would be advantageous for the pulmonary ventricu-
loarterial unit to promote reflection. With increased inotropy,
we observed a trend toward increased wave reflections and
decreased AI.
The AI is traditionally considered as a marker of the super-
imposed pressure because of wave reflection. A reflected BEW
generated by an open system and decreasing pressure should
decrease AI as suggested by the trend in our observations.
Despite this expected effect, one should be cautious with
simplistic interpretation of AI; the measured difference in
pressure is affected by the timing of the reflection as reported
in the systemic circulation (38), with a reported decrease in AI
with an increased rhythm and recommendations to adjust AI
based on the heart rhythm (34). As we observed no correlation
between the AI and heart rate, we did not adjust AI for the
period or duration of the systole, but we are aware of the
limitation of this index.
The first wave in diastole is an FEW and is invariably
present. This wave is explained by the relaxation of the
ventricle, slowing down ventricular ejection and decelerating
the blood. We found no correlation between this wave and the
previous FCW, nor did we detect a correlation with resistance
or stroke volume. However, we did observe a correlation with
impedance (Fig. 7), and we hypothesize that the FEW relates to
the inertial load of blood propelled distally. In case of higher
impedance, compliance is reduced, and the ejected blood
cannot be stored locally in the proximal vessels, leading to
higher inertial forces.
If the pulmonary circulation is an open-end system, it should
reflect pressure waves with inverted values, i.e., FEWs, such as
those observed in early diastole, should be followed by BCWs.
This pattern was invariably observed. Correlations were found
between the FCW reflected as a BEW and for the FEW
reflected as a BCW, supporting a similar mechanism of reflec-
tion but at a somewhat different site of reflection. The wave
speed in the control group is 1.65 m/s, which is near the values
observed in dogs (2.75 m/s) (1) and man (1.68 m/s) (22). Based
on the wave speed and the peaks of reflection, the reflection
site is at ~22 mm in the control group, corresponding approx-
imately to the third and fourth bifurcations of the rabbit’s
pulmonary tree. This site is beyond the reflection site identified
by Hollander and Dwyer in dogs, in which the reflection site
was observed at the level of the first bifurcation.
That we invariably observed reflection sites that were lo-
cated further during systole than diastole in every group may
be explained by the lower pressure in diastole, but caution is
warranted given the assumptions made for the calculation of
pulse wave velocity (e.g., constant cross-sectional area taken as
the area of the flow probe).
Some late BCWs appear in the WIA and on the pressure
curve. Based on the time interval of their appearance, they
would be located outside the rabbit’s chest if they were to be
a reflection of the initial FCW. We therefore ascribe this wave
to secondary re-reflection. One explanation for this result could
be that part of the first BCW that arises in the fourth bifurca-
tions is re-reflected (open-end) as an FDW in the second
bifurcation and is again re-reflected as a BCW; this pattern
would continue with decreasing intensity. A third BCW was
occasionally observed, supporting this theory (Fig. 3).
In the control group, wave intensity reflection ratio was
15.7%, close to the value of 10% reported by Hollander.
Fig. 5. Wave reflection patterns in the acutely embolized group. A backward
compression wave appeared (c*). The net effect of this wave was that the
backward pressure crossed the zero-pressure line (from decreasing pressure to
increasing pressure) earlier in the cardiac cycle (arrow) than in the control
group. BCW, backward compression wave; BEW, backward expansion wave;
FCW, forward compression wave; FEW, forward expansion wave; Pb, back-
ward pressure wave; Pf, forward pressure wave.
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Dwyer et al. performed the same experiment on sheep, finding
a lower reflection index of 3%. Dwyer concluded that the RV
and pulmonary circulation were matched to minimize wave
reflection. Many authors refer to the works of Piene and Sund
(29) and Piene (30), who showed that pulmonary impedance is
optimally matched with the RV to minimize reflections in the
pulmonary circulation. However, the works by Piene were
conducted before wave analysis was introduced into the field of
pulmonary physiology. In a pulmonary system without wave
reflection, it would be impossible to explain a first diastolic
minimum (dicrotic notch) that is lower than the end-diastolic
pressure in 14% of observations. The discrepancies found
between Hollander’s work (confirmed by our observation) and
Dwyer’s work could be explained by the use of WIA, which is
extremely sensitive to signal syncing.
To circumvent the problem of syncing we used a new
method based on the premises that the initial slope of the
pressure-flow loop is equivalent to the characteristic imped-
ance. We synchronized the pressure and the flow signal so that
the slope of their relation in early systole was equal to the
characteristic impedance in the frequency domain, which is
less dependent to the temporal relation between flow and
pressure.
Chronically ligated group. In the pulmonary ligation group,
a significant increase in resistance was observed relative to the
control group, but there were surprisingly very few changes in
the reflection profile. This effect may be due to the maintained
integrity of the contralateral lung vasculature and its conserved
physiological responsiveness. In this scenario, the wave reflec-
tion point would be essentially the same as in the control
Fig. 6. Wave reflection pattern in the chron-
ically embolized group at baseline (A) and
with dobutamine infusion (B) (10 g/min).
BCW, backward compression wave; BEW,
backward expansion wave; FCW, forward
compression wave; FEW, forward expansion
wave; Pb, backward pressure wave; Pf, for-
ward pressure wave.
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group. Our observations are similar to those made in dog
experiments (3), in which resistance was increased after
pneumectomy, characteristic impedance remained constant at
rest, and compliance was decreased. Cardiac output remained
constant, and the increased flow into a single lung is accom-
modated by alveolar capillary distention (14), which explains
decreased compliance. The effects of pneumectomy at rest is
surprisingly mild as observed in human clinical reports (5), in
which only 30% of patients develop mild PH, although the
contralateral lung is supposedly diseased. When exercising,
cardiac output and stroke volume are lower than in a control
group (12); we observed the same pattern. The increase in
characteristic impedance that was recorded on dobutamine by
the inability of the residual vasculature to increase further its
radius already distended at rest. The conserved wave pattern
could be an argument for the maintained structural architecture
of the remaining lung explaining the tolerance to pneumonec-
tomy (13).
Acute embolization. The acute injection of microspheres
resulted in an expected increase in resistance, with an increase
in mean and systolic pressures. As observed in the control
group with dobutamine, an elevation in pressure increases
wave reflections. A different type of wave appeared in the
acute embolization group. This wave arises later, and we
suppose that it is a positive refection of the FCW. We hypoth-
esize that the emboli obstruct distal vessels in the pulmonary
circulation and that those obstructed vessels act as closed-end
reflectors. Hollander et al. described the same late systolic
wave when they subjected dogs to hypoxemia, which resulted
in PH. In addition, Smollich et al. (32) made a similar obser-
vation in fetal lambs.
This wave should have a negative impact on the myocardial
load because the backward pressure wave increases the pres-
sure rather than reducing it and arrives in systole. It is not
expected that emboli obstruct more than half the vascular bed
and transform an open-end system in a closed one; neverthe-
less, if not an inversion, we would have expected a reduction
in the reflection coefficient because of a counter effect of this
pathological late BCW. One explanation could be the small
size of the acute embolic group, but there are also some
theoretical issues that could explain the observation (the re-
flection coefficient is only measured for the first harmonic of
the flow and pressure wave, some information could lie in the
subsequent harmonics). Induction of closed-end reflectors ex-
plains some AI observations in the clinical setting (21, 36) and
indicates a shift from beneficial wave reflection in the normal
state to detrimental wave reflections in pathological states.
Chronically embolized group. Rather counterintuitively,
wave reflection virtually disappeared in the chronic embolic
group, with a wave intensity reflection index of only 3%. In
one animal in the smallest microsphere group, we observed
systolic BCWs, such as those seen in the acutely embolized
group. Whether reflection attenuation is a consequence of
geometric modifications of the lung vasculature or an adapta-
tion of the ventricle to a different load is difficult to ascertain
(change in inotropy could affect Z0).
Minimizing wave reflection is classically presented as a
matching of Z0 to the terminal impedance, which is related to
resistance and compliance. Although resistance increase was
nonsignificant, compliance was reduced and terminal imped-
ance is expected to be higher, as should be Z0. We observed anT
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unexpected decrease in Z0. It could be an error in our meth-
odology, but it could also reflect a more complex situation in
which a lower Z0 displaces the reflection sites further where
waves become entrapped.
In the chronic embolic group, the apparent reflection site
was displaced significantly closer to the heart, around 14 mm.
Since Z0 is used to derive the wave speed, a lower Z0 implies
a lower wave speed, and the apparent reflection site might
seem closer. The AI was also significantly increased in the
chronically embolized group.
In the embolic group receiving the smallest microspheres, no
changes in the reflected waves were observed with increased
inotropic stimulus. Reflected waves appeared in the groups
receiving mid- and large-sized microspheres, and these waves
were similar to those observed in the control group (systolic
BEW and diastolic BCW). Although our experiment is based
on a small sample, it shows that wave reflection analysis can
assist in locating the site of resistance and agrees closely with
the reported hemodynamic responses for various experimental
models of pulmonary vascular occlusion.
The reflection coefficient is based on wave separation in the
frequency domain. It contains information about the relation-
ship between pressure and flow in magnitude and phase shift.
A thorough description should encompass all harmonics such
as in Fig. 7C but usually only the first harmonic is reported
since it contains the most energy. The real part of the reflection
coefficient of the first harmonic is a single value that offers a
good quantitative expression of the global amount of reflection.
What the reflection coefficient does not provide is qualitative
description of types and timing of waves during the cardiac
cycle. WIA is a powerful tool used to decompose the various
waves that arise from the heart and are reflected toward it and
present with a precise qualitative picture. To quantify waves,
many options are possible; a reflection index for individual
waves can be used. The ratio of FCW to the BEW is one
option that we used, but WIA is specifically used to assess
rates of change. A higher pressure reached slowly will result
in a lower wave intensity than a low pressure that is reached
rapidly. No information is available on the linearity of the
wave intensity in regard to the importance of reflection,
hence WIA might not be the best option to quantify reflec-
tion.
The two methods of wave assessment are usually opposed,
although we felt that they are complementary; WIA gives a
detailed time pattern of wave behavior and frequency analysis,
quantifying the global impact of reflected waves.
Fig. 7. Averaged pulmonary input impedance modulus (A), phase (B), and reflection coefficient () (C) spectra for the different experimental groups studied. In
D, the mean reflection coefficient () for the first harmonic is presented according to each group.
H1002 WAVE INTENSITY ANALYSIS IN PULMONARY OCCLUSIVE VASCULAR DISEASE
AJP-Heart Circ Physiol • doi:10.1152/ajpheart.00635.2018 • www.ajpheart.org
Downloaded from www.physiology.org/journal/ajpheart at Univ Ziekenhuis (157.193.227.125) on August 9, 2019.
Characteristic Impedance
The goal of this study was to explore the validity of WIA in
localizing the maximal pulmonary vascular resistance in oc-
clusive PAH. WIA is an elegant tool that has been used in
clinical applications in humans to study the coronary (4) and
systemic circulation (16). This method has even been used to
analyze the pulmonary circulation in proof-of-concept studies
(20). However, despite its potential contribution, it has not
gained wide adoption. One of the reasons for its limited use is
its sensitivity to technical issues. One of these potential limi-
tations regards the synchronizing of the flow and pressure
waves. Dwyer et al. (8) reported that a shift of a few millisec-
onds between the signals resulted in the appearance of an
aberrant BCW in early systole before the FCW. This wave is
an artifact resulting from an increase in pressure without an
increase in flow because of incorrect syncing of the signals.
In our model, in which the heart rate was ~4 Hz, this syncing
is even more important. Pressure and flow upstrokes in early
systole are not always abrupt, and a 5-ms shift because of
catheter positioning or hardware recording latencies can be
difficult to identify and correct.
Dujardin and Stone (7) compared different methods for
computing characteristic impedance and reported that results
based on the slope of the P-Q relation were user dependent. We
circumvented this potential problem by using Z0-TD not as a
measurement tool but rather to synchronize the signals. Spe-
cifically, the flow signal was modulated until Z0-TD and Z0-FD
reached their closest values.
The impedance of the pulmonary circulation is—at least
theoretically—a property solely depending on the pulmonary
circulation, but the effect of impedance depends on the loading
and hence the ventricle can theoretically modulate or control
wave reflection to a certain degree (the easiest control is, for
instance, achieved by modulating heart rate).
In the embolized group, we observed an increased reduction
of Z0 compared with the ligated group, although the latter
exhibited higher resistances. The lower Z0 in the embolized
group could be mediated by a higher stroke volume and
inotropy (higher FCW) as adaptations of the ventricle to the
distal occlusion. The true cause of this effect remains elusive
because the relationships among Z, stroke volume, pressure
changes, and clinical outcome have been poorly studied and
require additional investigation (15, 23).
Conclusions
The framework of wave reflection analysis offers mechanis-
tic insights into the mechanisms of pulmonary circulation,
which can be considered an open-ended reflective system.
Reflections can be beneficial in the normal state; however, in
pathological states, perturbations in reflections can manifest as
wave attenuation or the generation of new, detrimental waves.
Our work supports the analysis of wave reflections as a useful
tool for localizing the site of resistance, and this analysis
framework could be extended for the noninvasive assessment
of the pulmonary circulation (31).
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